The first draft of the human genome has revealed enormous variability in the global distribution of Alu repeat elements. There are regions such as the four homeobox gene clusters, which are nearly devoid of these repeats that contrast with repeat dense regions in other transcriptionally active regions of the genome. Our analysis of the completely sequenced chromosomes 21 and 22 revealed a striking bias in Alu distribution. These elements are more clustered in genes which are involved in metabolism, transport, and signaling processes. In contrast, they are significantly fewer in genes coding for information pathway components as well as structural proteins. This bias in Alu distribution is independent of the effect of Alu density of the flanking genomic region and is also not affected by the GC content of the gene and its upstream and downstream regions. The relative proportions of Alu subfamilies (Alu J, Alu S, and Alu Y) are not significantly different in genes with high Alu density belonging to the functional categories of transport, metabolism, and signaling. However, in the structural proteins and information genes, these proportions are lower than the other three categories. We suggest that Alu elements might be involved in regulatory mechanisms and are therefore differentially selected in primate genomes.
Introduction
The transposon-derived Alu elements, present exclusively in the primates, are the most abundant repeat elements in terms of copy number (1,090,000) and the second most abundant in terms of genome coverage (;15%) in the human genome (Lander et al. 2001) . They belong to the SINE family of repeat elements and are predominantly present in the noncoding regions. The Alu repeats are divided into various subfamilies, namely Alu J (oldest), Alu S (intermediate age), and Alu Y (youngest) on the basis of their evolutionary age (Willard, Nguyen, and Schmid al. 1987; Britten et al. 1988; Jurka and Smith 1988; Labuda and Striker 1989) . These subfamilies are further classified into sub-subfamilies based on their divergence from consensus sequence (Jurka and Milosavljevic 1991) . A comparative analysis of genes across organisms has revealed that a number of homologous genes have accumulated Alus (Li et al. 1999) . A minority of the Alus are still active and amplifying in the human genome (Deininger and Batzer 1999) . Involvement of Alus in various functions and their association with various genetic disorders have been proposed in the course of studies carried out on disparate genes (Englander, Wolffe, and Howard 1993; Englander and Howard 1995; Norris et al. 1995; Babich et al. 1999; Deininger and Batzer 1999) . Although there are indications about their role in evolving functional complexity and gene regulation (Kidwell and Lisch 1997; Hamdi et al. 2000) , the basis of their retention and maintenance in 1 million copies in the human genome is still not clear. Accumulating evidence now shows that complex phenotypic traits observed in mammals are caused not only by genes and/or environment but also by heritable epigenetic modification of genes by retrotransposons (Whitelaw and Martin 2001) . In an attempt to explore the functional role of the Alus at the genome-wide level, we have carried out an extensive analysis of the distribution of these repeats in the completely sequenced human chromosomes 21 and 22.
Methods
The nucleotide sequence, as well as information about the associated Alu repeats and genes of chromosome 22, was retrieved from the Web site http://www.sanger.ac.uk (version 2.4) and the same information for chromosome 21 was retrieved from http://hgp.gsc.riken.go.jp (Dunham et al. 1999; Hattori et al. 2000) .
Detailed inspection of these chromosomes revealed a wide variability in the sizes of genes. Sizes ranged from as few as several hundred base pairs to as many as 0.8 million bp. To avoid inappropriate inferences about correlation arising from differences in the sizes of genes, the total Alu size (base pairs of an interval occupied by Alus) and total gene size (base pairs of an interval occupied by genes) were taken as measures of Alu and gene densities, rather than their numbers.
Correlation between Alu repeat and gene density was calculated for non-overlapping windows along the whole chromosome of sizes 100 kb, 200 kb, 500 kb, and 1,000 kb.
The density of Alu elements in each gene was expressed as a percentage, calculated using the expression, Alu percentage ¼ [Alu size (bp)/Gene size (bp)] 3 100. Because Alus are mostly present in the introns, there is a possibility that the differences in Alu density observed in the genes could be due to the small length of a gene or the absence of introns in it. Therefore, in a separate analysis, the exonic regions of the genes were excluded in the calculation of gene sizes.
The genes on chromosome 21 and 22 were classified into five functional classes: structural proteins, information storage and processing proteins, signaling pathways, metabolism proteins, and transport and binding proteins. Statistical tests of significance and relationship among different variables-e.g., Alu subfamily frequencies, Alu percentage, functional class, chromosome, and GC content-were carried out by the chi-square test, regression analysis, and analysis of variance (ANOVA).
Results
Chromosomes 21 and 22 differ substantially in both Alu density and gene density. The chromosomes are of similar size, but chromosome 22 has four times as many genes and twice as many Alu repeats (table 1) . Interestingly, even though chromosome 22 has more Alu elements than chromosome 21, former seems to be less Alu dense based on its gene density (ratio of number of Alus and number of genes) than chromosome 21. However, the genes of chromosome 22 were found to be more enriched in Alu elements than those of chromosome 21 (table 1) as shown by higher values of both, the fraction of Alus in the genes, and Alu coverage in the genes.
The representation of Alu subfamilies has been found to be different in the genome. Alu S has the highest representation, followed by Alu J and Alu Y. We observed that the distribution of the Alu subfamilies within the genes is significantly different from their distribution in the intergenic region. This was true for both chromosome 21 (chi-square ¼ 16.253, df ¼ 2, P ¼ 0.0003) and chromosome 22 (chi-square ¼ 10.064, df ¼ 2, P ¼ 0.0065). Alu subfamily distribution in the intragenic region of the two chromosomes was not significantly different (chi-square ¼ 4.932, df ¼ 2, P ¼ 0.0849), whereas the difference was highly significant for the intergenic region (chi-square ¼ 31.91, df ¼ 2, P , 0.0001).
In accordance with the previous observations (Chen et al. 2002) , we observed a significant positive correlation (P ¼ 0.0001) between Alu density and gene density in both the chromosomes at various window sizes ranging from 1,000 kb to 50 kb. However, the scatter plot of gene density versus Alu density (shown for the 200 kb window size) showed that this is not an all-or-none phenomenon ( fig. 1 ). Some regions of high gene density are extremely Alu poor and vice versa.
To test whether there is a selective association of genes with Alus, we initially classified the genes of chromosomes 21 and 22 into five functional categories: structural proteins, information storage and processing proteins, metabolism proteins, signaling pathway proteins, and transport and binding proteins. We then calculated the Alu density in each functional category. Analysis of variance of Alu density between the functional categories revealed that genes coding for structural proteins and information storage and processing components were either devoid of Alu elements or were rarely associated with them. However, genes involved in metabolism and transport and in binding processes were extremely rich in Alus (F value ¼ 14.294, df ¼ 4, 266, P , 0.0001; fig 2) .
It is possible that the differences in Alu density among the different functional categories of genes could be biased by intrinsic properties of the adjacent genomic sequence, such as GC content and Alu density. Therefore, we computed and analyzed the GC content and Alu percentage in the flanking 50 kb region (25 kb upstream þ 25 kb downstream) with respect to various functional classes. Interestingly, regression analysis revealed that that GC content not only of the gene but of the downstream and upstream regions (in the order: GC gene . GC upstream . GC downstream ) also influenced Alu content of the gene (F ratio ¼ 18.680, df ¼ 3, 263, P , 0.0001). To identify whether any of the five variables (total GC content plus GC contents and Alu percentages in the 25 kb upstream and downstream regions) had any significant effect on Alu percentage, we carried out a stepwise regression analysis. The results showed that all five variables were statistically significant predictors of Alu percentage (F ratio ¼ 47.197, df ¼ 5, 266, P , 0.0001). We then regressed out the effects of these variables on Alu percentage and carried out ANOVA to test the equality of the adjusted mean values of Alu percentage among the functional categories. The F ratio (¼ 14.314, df ¼ 4, 266) was highly significant (P , 0.0001), indicating that there are significant differences in Alu percentage among the functional categories even after adjusting for relevant correlates.
In the above exercise, Alu density was calculated by taking complete gene size (exons as well as introns) into account. Because Alu repeats are known to occur predominantly in introns, inclusion of exons for calculation of gene size may induce a bias in the analysis (particularly in the case of intron-less genes). To take this possibility into account, the analysis was repeated by calculating gene size as the sum of the sizes of its introns. We further determined whether there was a difference in the representation of the three Alu subfamilies in the different functional categories. For chromosome 22, there were no significant differences in the frequencies of S, J, and Y elements among the functional classes (chi-square ¼ 6.28, df ¼ 8, P ¼ 0.616), but these differences were significant for chromosome 21 (chi-square ¼ 22.7, df ¼ 8, P ¼ 0.004), which was also reflected in the pooled data (chi-square ¼ 19.3, df ¼ 8, P ¼ 0.013). There was some difference in the frequencies of Alu S, J, and Y in the structural and information classes compared to the other two classes. When only three categories (signalling, transport, and metabolism) were considered, the chi-square value was not significant (chi-square ¼ 6.19, df ¼ 8, P ¼ 0.186).
Discussion
Previous speculation about the predominance of Alu repeats in the actively transcribing regions of primate genomes (Schmid 1996) has recently been substantiated by analysis of the first draft of human genome (Lander et al. 2001 ). Higher Alu densities were observed in chromosomes with a greater number of genes and vice versa. These observations were made at the gross level of the chromosomes and indicated a general trend toward enrichment of Alus in gene-rich regions. In our analysis, scatter plots comparing Alu and gene densities indicate that although there is a positive correlation, this is not an all-or-none phenomenon. There are regions in the chromosome that are Alu rich but poorly represented in genes and vice versa. Another observation was that although chromosome 22 has more Alus and genes than chromosome 21, Alu density observed at the chromosomal level (Alu No.: Gene No.) is higher for chromosome 21 than for chromosome 22. This suggests that additional factors may govern Alu distribution in a chromosome and that gene density is not the only determinant of Alu density. Furthermore, it was observed that the genes on chromosome 22 are more Alu dense than those on chromosome 21 (table 1) .
In an attempt to discern the properties that could influence Alu density in and around genes, we classified the genes from two chromosomes into five broad functional categories and then analyzed them with respect to Alu density. Surprisingly, we found a very biased distribution of Alu elements in these five functional categories. Alus were clustered in genes involved in metabolic pathways and signaling and transport processes, whereas they were poorly represented in genes coding for structural proteins and informational storage and processing components ( fig. 2) . Interestingly, the pattern of Alu distribution for each functional category was similar in the two chromosomes, despite a large difference in Alu and gene numbers between them.
Biased distribution of Alu in the human genome has been reported (Sainz et al. 1992 ) and ascribed to their preference for GC-rich and gene-rich regions (Korenberg and Rykowski 1988; Pavlicek et al. 2001) . It is possible that this bias is due to certain inherent differences in genomic architecture around the genes of various functional categories. However, we observed that although the GC content of the gene, as well as of the flanking sequence, influences Alu distribution considerably, it is the functional property of the gene which remains the dominant contributor toward Alu distribution as seen by ANOVA after regressing out the effect of GC content. This is in agreement with earlier observations that the distribution of young Alus in the human genome is not significantly influenced by GC content and transcriptional activity of the region (Arcot et al. 1995 (Arcot et al. , 1996 (Arcot et al. , 1998 . In the earlier studies, it was concluded that the distribution of Alus was more or less random. We have demonstrated that this randomness is not observed if we classify the genes into various functional categories irrespective of GC content and Alu density of the surrounding genomic regions. Another suggested explanation for the nonrandom distribution is the abundance of sites that allow Alu insertion (Jurka, Klonowski, and Trifonov 1998) in certain genomic regions. If that were the case, one would observe a distribution of Alus that is a property of the genomic region, independent of genes and gene boundaries. However, we have observed that the bias in Alu distribution in genes was not influenced by Alu content of the flanking regions (see Results).
Based on these findings, we propose that Alus are nonrandomly distributed in the human genome and that the functional property of the gene seems to be the major factor contributing to the retention or exclusion of Alus within a gene. Given the increasing evidence of involvement of Alus in various regulatory functions (Oh et al. 2001; Hsieh et al. 2003; Le Goff et al. 2003) , it is intuitively obvious that they might be negatively selected in structural genes as well as in the conserved information pathway genes. Because Alus are mostly present in the introns, it is also possible that absence of introns in the above categories could contribute to this bias. However, significant differences in Alu distribution across functional categories, even after excluding exonic sequences (thereby excluding genes without introns), further reinforced our hypothesis.
Our finding that the relative proportions of three Alu subfamilies are nearly same within the genes, but are significantly different outside the genes (chi-square test) indicates that there may be differential selection pressures operating on Alus within and outside genes. Furthermore, the relative proportions of these subfamilies for different functional categories were similar for chromosome 22 but somewhat different for chromosome 21, which was also reflected in the pooled data. In this analysis, two functional categories-informational and structural-were identified as outliers, and after removing these genes, the relative proportions became similar. This further corroborates our hypothesis of selection against insertion of these Alu elements in genes of structural and information functional classes. If Alus do play a role in gene regulation, it would be selectively disadvantageous-in fact cataclysmic-to have them in genes coding for structural proteins and information storage and processing components. This nonrandom distribution of Alu elements is in agreement with the analysis of the first draft of the human genome wherein homeobox gene clusters, which are extremely conserved across evolution, are found to be devoid of Alus or have low frequencies of them. The absence of these elements had been ascribed to the presence of large-scale cis-regulatory elements that cannot tolerate interruptions.
Alu elements harbor binding sites for various tissuespecific factors and hormone-responsive elements are involved in alternative splicing, can act as silencers as well as enhancers when present in 59 untranslated regions (UTR) as well as 39UTR, and also affect nucleosome positioning. Their role in differential gene regulation is exemplified by alternative splicing of the human epithelial sodium channel a gene (Oh et al. 2001 ) and the human bamylase precursor protein, as well as by differential expression of genes like parathyroid hormone (PTH), the immunoglobulin E receptor, and the acetylcholine receptor (Hamdi et al. 2000) among many others. The higher physiological complexity in primates compared to lower organisms has been attributed to considerable amounts of change in the metabolic machinery as well as transport mechanisms (Hamdi et al. 2000) . Therefore, it is possible that these elements may be positively selected in genes involved in metabolism, transport, and signaling processes because of a need for diverse regulatory functions in those genes. It is also possible that higher Alu density in regulated genes may result in a higher number of epigenotypes, as subtle epigenetic variations can be brought about by these elements in a number of ways. This hypothesis has been recently reinforced by the observation that SINEs are excluded from imprinted regions of human genome (Greally 2002) . In this case, it has been proposed that methylation-induced silencing by these SINEs could lead to deleterious consequences in the imprinted loci, where inactivation of one allele is already established and expression is often essential for embryonic growth and survival (Greally 2002) . The Alus could also contribute to the evolution of novel functions by serving to distribute functional and regulatable promoters (Ferrigno et al. 2001) .
However, our study does not rule out the possibility of integration bias in genes of particular functional categories which could also lead to differences in Alu distribution. It has been reported in some studies that there are preferred sites of Alu integration in the genome (Daniels and Deininger 1985; Jurka and Klonowski 1996) . Higher density of Alu repeats in genes of certain functional classes may therefore reflect the abundance of Alu integration sites in these genes. As more and more expression profiles become available, it will become possible to analyze the association of Alus with the function of genes.
In summary, our analysis of the Alu elements in chromosomes 21 and 22 clearly shows that there is a strong correlation between the functional class of the gene and Alu repeat maintenance. It remains to be seen whether this would be true for the entire genome.
